The diagnosis of a number of faulty dyed samples and faults obtained from case studies was carried out by both human experts and the expert system developed in this study, and their performance was compared. An evaluation copy of the software was provided to a number of potential users to obtain feedback on the utility and the helpfulness of the system. The results show highly satisfactory performance when compared to human experts as well as considerable utility potential, providing further impetus for further improvements in the system.
Introduction
The testing of knowledge-based expert systems is still an ongoing research area within the artifi cial intelligence realm. This paper aims at briefl y exploring some aspects of expert system testing as well as describing the verifi cation, validation and evaluation of a knowledge-based expert system (Dexpert) developed for the dyeing of cotton [1] .
The testing of expert systems is generally known as verifi cation and validation [2, 3] . 'Verifi cation' is usually defi ned as 'building the system right,' which is generally manifested by checking the system to ensure that anomalies and inconsistencies such as redundancies, confl icts, circularities and defi ciencies, etc. are not present. Verifi cation tests are conducted to check the consistency of the knowledge base within the system and therefore a formal defi nition of consistency is required [4] . 'Validation' is usually defi ned as 'building the right system,' which means checking whether the system is doing the job it was intended to do [5, 6] . Verifi cation is process-oriented and ensures completeness of necessary specifi cations [7] , while validation is result-oriented and ensures right solutions with user satisfaction [8] . Verifi cation is the process of checking whether the software system meets the specifi ed requirements of the user, while validation is the process of checking whether the software system meets the actual requirements of the user. Verifi cation tells us whether the knowledge bases are flawed as software artefacts, while validation tells us whether or not the content of the knowledge base accurately represents the knowledge of the human experts that supplied it. Verification is essentially an objective test -there are measures to check the correctness of a piece of software. However, validation is typically subjective to a certain extent, where we must compare formally-represented knowledge to informal statements.
Verifi cation methods have been further classifi ed into logical and engineering, while validation tests are further classifi ed into result-oriented and user-oriented approaches [8] . Expert system testing methods have also been classifi ed into dynamic and static testing methods. Verifi cation is usually carried out statically, while validation is a dynamic analysis using test data. Validation is a hard problem and the issues involved (such as the standard that an expert system should be validated against and the defi nition of what may constitute an adequate set of test cases, etc.) are still the subject of ongoing research within the domain [4] .
There are various approaches to expert system testing. The earliest testing technique involving artifi cial intelligence was the 'Turing test' [7, 9] . Other common approaches for verifi cation and validation include [10] : -inspection -static verifi cation -formal proof -empirical testing.
Inspection involves the knowledge base to be reviewed (proof-read) by the human expert. Static verifi cation consists of checking the knowledge base for logical anomalies. The most commonly-identified anomalies are: redundancy, confl ict, circularity and defi ciency. Redundancy occurs when a knowledge base contains components which can be removed without affecting the behaviour of the system, i.e. rules which cannot be fi red in any real situation and which do not infer any usable conclusion. Confl ict occurs when incompatible information is derived from valid input. Confl icting rules (if p then q, if p then not q) are the most typical case of confl ict. Circularity occurs when a chain of inference in a knowledge base forms a cycle (if p then q, if q then p). Defi ciency occurs when there are valid inputs to the knowledge base for which no rules apply (p is a valid input but there is no rule with p in the antecedent).
Where requi rements a re a menable to for ma l specifi cation, proof techniques can be employed to verify that the software artifact meets the specifi ed requirements.
Formal proof is applicable in knowledge management applications where knowledge will be applied in safetycritical or costly mission-critical situations for decision making or decision support, which in textile dyeing is not usually the case.
Empirical testing involves running the system with test cases and analysing the results. Empirical testing can be carried out in the laboratory or in the fi eld. In the laboratory, testing of the system is arranged in an artifi cial setting, providing the validators with the maximum control over experimental conditions. Comparison is made between the performances of a group of humans, using the system to solve test cases in the laboratory, with a control group who did not use the system. Typically, in fi eld situations, it is harder to control the experimental conditions and thereby assure reliability and validity compared to the laboratory settings.
Selection of a validation standard is of key importance in expert system testing. Ideally, it is best to evaluate the performance of a knowledge-based expert system against an objective standard. This objective standard can be of the following forms: -a set of correct (or, at least, acceptable) solutions to each problem that the system will be required to solve during evaluation -the opinion of a human expert (or that of the consensus among a group of human experts) to be the 'objective standard.'
Some other forms of validation standard have also been put forward [11] [12] [13] , which may be suitable in certain expert system testing scenarios. Verifi cation and validation methods have been classifi ed into three main groups: automated tools, analytical methods and human support. Automated tools mainly address logical verifi cation [14, 15] . Analytical methods attempt to quantify verifi cation and validation criteria. Human support is about testing the systems by the developers, experts or users.
It is always very diffi cult to decide which verifi cation and validation method should be used [16] . Some of the criteria that are considered in this regard include [8] : -knowledge representation -knowledge type -problem type -criticality -functionality -interactivity -user profi le.
Evaluation refl ects the acceptance of the system by the end users and its performance in the fi eld. It answers the question 'Is the system valuable?' Evaluation tests are subject to interpretation (for example, whether a system performs 'acceptably,' given that a certain percentage of test cases were processed as expected by the system) [17, 18] .
Testing of the Dyeing Expert System
Based on the consideration of various aspects of expert system testing, as are briefl y given above, the verifi cation, validation and evaluation of the dyeing expert system was carried out as described in the following sections.
Verifi cation of the system
The purpose of the verifi cation was to check 'whether the system had been built right,' i.e. whether it is consistent and free from anomalies. This was accomplished through the following tasks: -reviewing and proof-reading the knowledge base coded in the system. -comparing the system output, on the basis of the knowledge base coded in the system, with the knowledge that was gathered from various sources in the knowledge elicitation step and checking whether the system gave correct output for a given input. -checking the system for anomalies such as redundancy, conflict, circularity and deficiency. This involved deletion of redundant rules and/or functions, addition of more rules and/or functions to remove any defi ciency in the knowledge base and alteration of rule and/or functions to remove any confl icts or circularity. -checking the behaviour of the system in case of unexpected inputs from the user and addition of extra rules to make the system degrade meaningfully or gracefully when it cannot offer the user an effective diagnostic solution to their problem(s).
Validation of the system
The purpose of the validation was to check 'whether the right system had been built,' i.e. whether the system does the job that it was intended to do. Samples of faulty dyed cotton materials (knitted fabrics, woven fabrics and yarn) were procured from the dyeing industry, which would be presented to the human experts and to the expert system for diagnosis. However, the samples obtained from the industry did not represent well the entire spectrum of the faults that commonly occur in the dyeing of these materials or the broad range of faults in the knowledge base of the expert system. Moreover the exact causes of all the faults were not known beforehand or were not possible to be known beyond doubt, through testing. This is because of the fact that although it is possible to know the material-related causes with reasonable certainty by material testing, it is often not possible to know with certainty the causes which are related to errors in processing parameters. In order to ascertain how accurate the diagnoses by the expert system and the human experts were, it was necessary to compare their diagnoses with the actual cause(s) of the faults.
To countervail the problem of inadequate representative samples as well as the problem of not knowing the actual causes of faults beforehand, more samples of faulty dyed cotton materials (knitted fabrics, woven fabrics and yarn) were produced in laboratory-scale dyeings and at pilot plants, by artifi cially introducing the faults in the cotton fabric and yarn samples. These dyeings were carried out by a third party not involved in the development of the system who would keep the knowledge of the actual causes of the faults to themselves, until the results of the diagnoses from the human experts and the expert system were to be compared with the actual causes of the faults. Three experts with different profi les were involved in the testing of the system. Expert A had experience in the cotton dyeing industry as a dyeing manager, expert B had experience as a technical expert in diagnostic testing and troubleshooting in a textile testing lab, and expert C was a sales technologist from a well-known dye manufacturing company with experience in troubleshooting and technical support for the dyeing industry. Expert A was among the three from whom knowledge was elicited during the knowledge acquisition process. Experts B and C were different from those involved in the knowledge acquisition process, but with comparable expertise.
From the faulty dyeings produced in the laboratory and procured from the industry, samples were selected carefully so as to have a reasonable representation of the entire range of faults in the knowledge base of the expert system. The diagnosis of the faulty dyeings was then obtained from the human experts as well as the expert system and the most likely causes given were selected. Finally the diagnoses provided by the experts and the expert system were compared with the actual causes of the faults and the results were represented as approximate percentage accuracy. It would obviously be benefi cial to increase the number of human expert evaluations for this purpose.
In order to check the comprehensiveness of the knowledge base of the system, 32 hypothetical faults were selected and the experts were asked to suggest a comprehensive list of all possible causes responsible for the presence of these faults. It is clear that 32 hypothetical faults would not represent the large array of problems that may occur within the industry. However, it should be noted that these problems were selected due to the fact that they are amongst the most frequent and common set of issues that transpire within the sector and therefore they would provide a reasonably adequate means of evaluating the performance of the system under study. A list of all possible causes of these problems was also obtained from the expert system. Finally, the number and the accuracy of possible causes obtained from human experts and the expert system was compared. 
Results and Discussion
A summary of the results of the diagnosis of faulty samples by human experts and the expert system is given in Table  1 . As can be seen, the accuracy of the expert system is not 100% but is still better than individual experts. The main reason for the poor performance of the human experts as compared to the expert system was that the experts tend to think or remember only the more common causes of faults whereas the expert system, which has in its knowledge base the expertise from multiple experts and also the expertise from a wide range of published material, considers all possible causes whether less or more common. Hence, the human experts are more likely to miss considering some possible causes of faults which the expert system is less likely to do. In order to test the system against some 'tough' cases, a number of diffi cult case studies were obtained from various sources. The samples of the faults given in these case studies were not available, however, a detailed description of the faults, the analyses and the actual causes of the faults were given. The detailed descriptions of the faults, without the actual faulty samples, were sent to the experts for diagnosis. Then the diagnoses from the experts were compared to those obtained from the expert system. Table  2 gives the summary of the results, with Table 3 outlining the faults and the experts' responses.
The results show that the performance of the expert system was found to be better than the human experts in diagnosis of tough cases of dyeing faults. In addition to the reason given in the previous example for the apparent poor performance of human experts, it should be noted that most dyeing experts form an expert diagnosis of a dyeing fault after actual observation of the sample, which often involves the 'human touch.' The expert system is seemingly advantageous in that it does not necessarily require this form of information. Table 4 shows the average values of the results of the evaluation of the system by ten potential users as well as the standard deviation for each range. The evaluators included novice textile engineers, dyeing trainees and personnel with some textile qualifications but little practical dyeing experience who are hoped to perform, with the help of the expert system, at a level comparable to the expert dyers. They employed their own real world problems, as well as hypothetical cases including those provided by the authors.
A score of 1 indicates very poor and a score of 10 indicates very good ratings. As can be seen, the average value of the ratings given by the users for most of the criteria was 8. The average rating for speed/time-saving
Evaluation of the system
The purpose of the evaluation was to gauge the opinion of the end user on the value or utility of the system. Ten evaluation criteria were selected, viz. utility, task si mpli f icat ion, i nteract iv ity, speed /t i me-sav i ng, explainability, user-friendliness, expert helpfulness, training utility, novelty and convenience/ease of use. The evaluation copies of the system were presented to ten potential users of the system and they were asked to rate the system according to the evaluation criteria from 1-10, 1 representing a very poor and 10 representing the perfect score. Mechanical damage due x x x woven cotton sateen fabric which to machine repeats itself at intervals of 9 mm a '' = correct diagnosis; 'x' = no response due to insuffi cient information or refusal to respond of the diagnosis was slightly less favourable due to the fact that, although the expert system can quickly compute a list of possible causes of a fault, this option would require signifi cant time to conduct the diagnostic tests and investigations on the ground in order to confi rm or refute possible causes. In order to reduce the amount of time required for these tests, the system can interact with the user and ask a series of questions which might be construed as time-consuming. The average rating of the 'training utility' criterion was more favourable underlying the fact that the system has a considerable potential as a training tool, for novice dyers or dyeing supervisors, by helping them gain expertise fast which they could otherwise acquire in a considerably longer period of time.
The standard deviation is calculated based on the total number of responses for each question. The results show that the standard deviation values are reasonably low which indicates the average responses are signifi cant. The system comprises ca. 4637 rules and is capable of diagnosing ca. 132 faults in the pretreatment and dyeing of cotton textile materials in woven, knitted and yarn package form with direct, reactive, vat, sulphur and azoic dyes. In addition to diagnosis, the system can provide the explanation for the diagnoses and suggestions for the preventative and corrective measures.
projects and therefore serve as a benchmark to begin both an effort to develop additional computer-based diagnostic expert systems in textiles and to further investigate the possibilities to improve this system.
We are aware that the performance of the system can be further enhanced by increasing the number of evaluations and tests carried out by human experts, as well as increasing the number of tested dyeing faults. This however, requires time and can be costly and may not yield signifi cant improvements. It is hoped nonetheless, to extend the current version to encompass dyeing diagnosis of other textile fi bres as well as blends in the near future. This work is currently underway at the College of Textiles of North Carolina State University. It is ultimately hoped to produce a comprehensive diagnostic system to cover all common dye-fi bre combinations.
